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Summary A 10X rainbow trout bacterial artificial chromosome (BAC) library was constructed to aid

in the physical and genetic mapping efforts of the rainbow trout genome. The library was

derived from the Swanson clonal line (YY male) and consists of 184 704 clones with an

average insert size of 137 500 bp (PFGE) or 118 700 bp (DNA fingerprinting). The clones

were gridded onto 10 large nylon membranes to produce high-density arrays for screening

the library by hybridization. The library was probed with 11 cDNAs from the NCCCWA EST

project chosen because of interest in their homology to known gene sequences, seven

known genes, and a Y-specific sex marker. Putative positive clones identified by hybrid-

ization were re-arrayed and gridded for secondary confirmation. FPC analysis of HindIII and

EcoRV DNA fingerprinting was used to estimate the level of redundancy in the library, to

construct BAC contigs and to detect duplicated loci in the semi-duplicated rainbow trout

genome. A good correlation (R2 ¼ 0.7) was found between the number of hits per probe

and the number of contigs that were assembled from the positive BACs. The average

number of BACs per contig was 9.6, which is in good agreement with 10X genome cov-

erage of the library. Two-thirds of the loci screened were predicted to be duplicated as the

positive BACs for those genes were assembled into two or three different contigs, which

suggests that most of the rainbow trout genome is duplicated.

Keywords BAC library, gene duplication, Oncorhynchus mykiss, physical mapping, rainbow

trout.

Genome research for species of interest is facilitated by the

development of species-specific tools such as well-charac-

terized germplasm, physical and genetic mapping resources,

large-insert libraries, public bioinformatic databases, and

large quantities of sequence information. Rainbow trout

(Oncorhynchus mykiss) is a model species for genome-related

research activities focusing on aquaculture, carcinogenesis,

toxicology, comparative immunology, disease ecology,

physiology, transgenics, evolutionary genetics, and nutri-

tion (Thorgaard et al. 2002). Current genomic resources

available for rainbow trout research include multiple bac-

terial artificial chromosome (BAC) libraries (Katagiri et al.

2001, Phillips et al. 2003), clonal lines (Young et al. 1996),

genetic maps (e.g. Nichols et al. 2003) and a large EST

database (Rexroad et al. 2003; http://www.tigr.org/tdb/tgi/

rtgi/).

Two rainbow trout BAC libraries representing 6.7X and

5.3X genome coverage with an average insert size of 58 kb

and 110 kb, respectively, were previously reported (Katagiri

et al. 2001). Another library representing 4.5X coverage

and average insert sizes of 125 kb was constructed from

genomic DNA of the OSU-142 XX female doubled haploid

line (Young et al. 1996). As with all salmonids, rainbow

trout experienced a recent genome duplication event

resulting in a semi-tetraploid state (Allendorf & Thorgaard

1984). Therefore, the use of homozygous lines should be

useful for detecting gene duplication in the process of con-

structing BAC contigs for physical mapping.

A 10X library was constructed by Amplicon Express

(Pullman, WA, USA2 ) from a Swanson YY doubled haploid

male. The YY source for this library was selected to enable

physical mapping and positional cloning of sex determina-

tion. The average insert size estimated from pulsed field gel

electrophoresis (PFGE) of 100 NotI digested clones was

137.5 kb. The percent of clones that did not contain insert

was 1.22% (654/53760), and 0.23% (416/184704) of the

colonies had poor growth in the wells.

The library was screened with 19 radiolabelled probes.

The template for eight probes was amplified by PCR from
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genomic DNA. Primer sequences are listed in Table 1. The

specific genes were selected because they were previously

mapped and characterized in rainbow trout. The other

11 probes were ESTs from the cDNA library we previously

described (Rexroad et al. 2003). They were selected because

of interest in their homology to known gene sequences. The

probes were hybridized to high-density filters following

established procedures (Sambrook et al. 1989). Each filter

was hybridized with a cocktail of all the probes at 106 cpm

per probe per ml. Positive clones were picked from the lib-

rary and re-arrayed into 96 well plates. Secondary hybrid-

ization filters were gridded from the re-arrayed positive

clones and screened with individual probes. Clones were re-

arrayed again for PCR verification and for HindIII and

EcoRV DNA fingerprinting. BAC DNA for the PCR verifica-

tion and DNA fingerprinting was purified using the REAL

96 plasmid kit on a Biorobot 8000 (Qiagen, Valencia, CA,

USA).

The average number of positive hits in the secondary

screen was 28.2 (± 34.4) per probe and almost all of the

positive BACs that were screened by PCR were confirmed to

contain the sequence from which the probe was derived,

with the exception of two probes (DAB and SCAR163).

Without these two the average number of positive hits was

19.4 (± 10.6) per probe. The high number of false positives

in those two probes is likely the result of cross hybridization

to other loci in the genome. DAB contains an IgSf domain

with sequence similarity to other cell surface receptors (e.g.

NITR2; Yoder et al. 2002) and SCAR163 appears to contain

a repetitive element.

A standard DNA fingerprinting protocol was followed

(Marra et al. 1997). Gel images were analysed by Image

3.10b and FPC (fingerprinting contigs) V6.4 (Sulston et al.

1989; Soderlund et al. 1997). A fixed tolerance of seven was

used with an initial cut-off value of e)14 and a bury value of

10%. The cut-off value was subsequently raised to e)13 and

e)12 for expanding contigs that corresponded to specific

genes. DNA fingerprinting bands were scored in the size

range of 1.6–40 kb. The average number of bands per lane

was 18.5 (± 5.4) in the HindIII gels and 17.2 (± 3.0) in the

EcoRV gels. An average insert size of 118.7 kb with a

standard deviation of 22.15 kb was estimated from the

HindIII fingerprints of the 371 clones. Two hundred and

fourteen of the 371 clones (58%) were found to be identical

by HindIII FPC analysis. The range was 2–7 clones in a

group of BACs with identical DNA fingerprints. A sub-

sample of 45 HindIII identical clones that were positive to 5

different probes was analyzed by EcoRV FPC. Only two of the

45 (4.4%) were identical by their EcoRV fingerprints. This

suggests that 2.6% (4.4% · 58%) of the BACs in the library

are completely identical.

Twenty-seven contigs were constructed by FPC from

BACs that were positive to 15 probes (Table 1). A good

correlation (R2 ¼ 0.7) was found between the number of

positive hits per probe and the number of contigs that were

assembled from those BACs. The average number of BACs

per contig was 9.6 (± 5.6). A list of the clones that were

assembled to each contig (cutoff ¼ e)14), the insert size of

each clone and the size of each contig can be downloaded

from http://ncccwa.ars.usda.gov/New%20Public%20Infor-

mation.htm (under Yniv Palti choose Appendix 1; open as a

Microsoft Excel file).

The FPC analysis was useful for identifying duplicated loci

in the trout genome. Rainbow trout growth hormone

2 (GH2) was used to test the utility of this resource for

identifying duplicated loci as it was previously mapped to

two homeologous linkage groups (Nichols et al. 2003). The

18 GH2 BACs identified in this study were assembled into

two contigs, as expected from the genetic mapping data.

Additionally, our FPC analysis indicated that the locus

containing MHC-I and TAP2 is also duplicated. The dupli-

cation of this locus was recently confirmed by both linkage

analysis and in-situ hybridization (Phillips et al. 2003). It is

important to note that the MHC genes that were used as

probes in this study (MHC-I, DAB and TAP1) were previ-

ously mapped to different linkage groups (Phillips et al.

2003), and therefore represent different loci of the rainbow

trout genome. Another confirmation for the utility of our

DNA fingerprinting analysis for detecting gene duplication

was recently reported by Gahr et al. (2003), who identified

two different transcripts for the ID6 gene in rainbow trout

(AY325275, AY325276). Each of the two contigs assem-

bled for that gene harbors one of the two transcripts, which

indicates that ID6 is duplicated.

Our contig assembly analysis suggests that two-thirds of

the trout genome loci are still duplicated. Eight of the

12 random loci we screened (excluding GH2, the Y-specific

sex marker and treating MHC-I and TAP2 as one locus,

respectively) were assembled into two contigs. This estimate

is in good agreement with Nichols et al. (2003) that found

homeologies among two-thirds of the linkage groups in the

OSUxARL genetic map.

The assembly of positive BACs into three contigs was

observed in two different instances (for the probes MHC-I

and GNAI, respectively). The MHC-I results can be explained

by locus duplication and cross-hybridization with other

genes that possess sequence motifs similar to the specific

probe used (UBA exon 4). Two of the MHC-I contigs were

composed of BACs that were positive for TAP2B indicating

that they are part of the two previously identified MHC class

I regions (Phillips et al. 2003). The third contig is likely to

contain genes that share similar sequence motifs with UBA

exon 4, such as CD1, but may also represent local dupli-

cation of the MHC-I gene.

DAB and DAA are linked in rainbow trout as members of

the MHC class II region (Phillips et al. 2003). Only one BAC

clone was found to be positive for this locus in this library.

No positive clones were found in the OSU library, which was

screened four times with different probes for this locus. The

two libraries were constructed with genomic DNA partially
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digested with HindIII. It is possible that the MHC class II

region of rainbow trout is over or under represented by

HindIII sites.

BACs positive by hybridization and PCR to SCAR163, the

Y-specific sex marker, were assembled into one contig

indicating that the male sex determining locus is present in

this library. This marker was found to be male-specific in the

Swanson clonal line and the BACs identified here were

shown by fluorescent in situ hybridization (FISH) to

hybridize to the sex chromosome of rainbow trout (Felip Edo

et al. 2003). This contig may be expanded in the future to

initiate positional cloning of the sex determination gene in

rainbow trout.

In this paper we described the construction, characteri-

zation and utilization of the new Swanson BAC library for

rainbow trout. The library provides 10X genome coverage

and an excellent tool for positional cloning of loci of interest

and for integration of the genetic and physical maps. It can

be used in conjunction with the other rainbow trout libraries

mentioned here to generate a comprehensive physical map,

and to construct a minimum tiling paths for region-specific

or whole-genome sequencing. In addition, high density fil-

ters for probe hybridization screening and DNA super pools

for PCR screening of this library are available and clones are

distributed by a not for profit organization at cost.

This is the first report in which physical mapping tools are

utilized for evaluating the level of genome duplication in

salmonids.
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